United States Patent

US007209519B2

(12) (10) Patent No.: US 7,209,519 B2
Vetro et al. 45) Date of Patent: Apr. 24, 2007
(54) ENCODING A VIDEO WITH A VARIABLE 6,430,222 B1* 82002 Okada ................... 375/240.03
FRAME-RATE WHILE MINIMIZING TOTAL 6,526,097 B1* 2/2003 Sethuraman et al. ..... 375/240.2
AVERAGE DISTORTION 6618439 BL* 9/2003 Kuo et al. ............. 375/240.16
(75) Inventors: Anthony Vetro, Staten Island, NY
(US); Huifang Sun, Cranbury, NJ (US);
Yao Wang, Matawan, NJ (US) FOREIGN PATENT DOCUMENTS
(73) Assignee: Mitsubishi Electric Research WO WO 00/18137 3/9000
%Sé))oratorles, Inc., Cambridge, MA WO WO 02/071639 /2000
( *) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 872 days. OTHER PUBLICATIONS
_ Vetro, et al., “An Overview of MPEG-4 Object-Based Encoding
(21)  Appl. No.: 09/835,691 Algorithms,” Proceedings International IEEE Conference on Infor-
_— mation Technology, Coding and Computing, Apr. 2, 2001.
(22)  Filed: Apr. 16, 2001 Turga, et al., “Classification based mode decisions for video over
(65) Prior Publication Data network,” IEEE Transactions on Multimedia, Mar. 2001, vol. 3, No.
1, pp. 41-52.
US 2003/0007538 Al Jan. 9, 2003
(Continued)
51) Int. CL
51 IIIIO AN 7/12 (2006.01) irir?@?rytﬁgamfizer—l\[/[)ehrdil:d [l)iasttouri
52) USe Clo oo 375/240.03 SHISLANE EXAMIner—IdVe L 2ER]
(52) : : : (74) Attorney, Agent, or Firm—Dirk Brinkman; Clifton D.
(58) Field of Classification Search ............................... Mueller: Gene V. Vinok
375/240.01-240.07, 240.11-240.16, 240.23, HEHED AELE V. VDR
375/240.24
See application file for complete search history. (57) ABSTRACT
(56) References Cited

U.S. PATENT DOCUMENTS

5,822,465 A * 10/1998 Normile et al. ............. 382/253
5,936,669 A * 81999 Niesen .......cooevvennns 375/240.12
5,969,764 A 10/1999 Sun et al. ................... 348/404
6,023,296 A * 2/2000 Leeetal .............. 375/240.05
6,141,380 A * 10/2000 Krishnamurthy

etal. ..o, 375/240.02
6,167,162 A 12/2000 Jacquin et al. .............. 382/251
6,222,881 B1* 4/2001 Walker .................. 375/240.03
6,351,491 B1* 2/2002 Leeetal .............. 375/240.03
6,377,309 B1* 4/2002 Itoetal .....c.ccvnven...... 348/554
6,396,956 B1* 5/2002 Ribas-Corbera et al. .... 382/239

A method encodes a video as video objects. For each
candidate object, a quantizer parameter and a skip parameter
that jointly minimizes an average total distortion in the video
are determined while satisfying predetermined constraints.
The average total distortion includes spatial distortion of
coded objects and spatial and temporal distortion of uncoded
objects. Then, the candidate objects 1s encoded as the coded
objects with the quantizer parameter and the skip parameter,
and the candidate objects 1s skipped as the uncoded objects
with the skip parameter.

8 Claims, 5 Drawing Sheets

131
\

Spatial
Distortion

l ¢ r\1 10 111
J 141 152
111
Determine Quantizer 130 (‘ K
— — Coded
& ncoae Objects
Minimize
133~ Constraints Distortion Uncoded
10+ D Objects

Determine Frame-Rate

153

Temporal |
100 Distortion 132



US 7,209,519 B2
Page 2

OTHER PUBLICATIONS

Vetro, et al., “MPEG-4 Rate Control for Multiple Video Objects,”

IEEE Transactions on Circuits and Systems for Video Technology,
vol. 9, No. 1, Feb. 1999, pp. 186-199.

Wang, et al., “Multi-program video coding with joint rate control,”
Global Communications Conference, Nov. 18, 1996, pp. 1516-
1520.

Martins, et al., “Joint control of spatial quantization and temporal
sampling for very low bit rate video,” Proceeding of IEEE Inter-

national Conference on Acoustics, Speech, and Signal Processing,
May 7, 1996, pp. 2072-2075.

* cited by examiner



L DI

US 7,209,519 B2

¢t UOoILIOISI(

reJjodwa|

T LG L
-~
&
o
S €6l cvi 121
7

Papoouf) o UOIIOISI
W 9ZIWIUIN
) seldo E n a7
- POPOY f——— 0E|
= LLL n
< A L7 |

1L
uoIolSI(

[ejeds

1331

U.S. Patent

00l

Ocl

H ‘ aley-awel 4 auiwialeq

‘ lazijueny) auiwlsla(
OLI

|

OF



¢ 9l

002

US 7,209,519 B2

UO0I1101S51(]

jenedg

UOIMOISI
leijodwa}

3 leneds

LS

\f,
=
g
>
7 suolpuolsi elodwa] s108[qO pepooun s102lqO pepon
LOI110]1S| k) 10 1O
__wswh_ leijeds < [uonnquisiq [esodwe] []e—p | uomclsig jeneds
S auIquod aulwiale( auiwslegd
T e /S 7 o
+ A A
i 0tc 0cc OLL
-
i _ s10elqO
$108l00 |
222 paposuf A ¥ BP0

U.S. Patent



US 7,209,519 B2

Sheet 3 of 5

Apr. 24, 2007

U.S. Patent

sioloweled
(d-4
PJIOOBY

09€
N

poysyes
d  on.

vomaisid

---4 -

osie

£ Ol

Ot

PIYSHES
Jolngd
oleYd lid

109

SZILUIUIN




US 7,209,519 B2

Sheet 4 of 5

Apr. 24, 2007

U.S. Patent

00¢

0S¢

7 Ol

(sdqgy) arey Hg

00c¢

051

001 0S

—+- PBasodolid
—¢— 9JU8lJ8JoY

%
142

9¢t
LC
8¢
ot

4%

(Qp) NS4



U.S. Patent Apr. 24. 2007 Sheet 5 of 5




Us 7,209,519 B2

1

ENCODING A VIDEO WITH A VARIABLE
FRAME-RATE WHILE MINIMIZING TOTAL
AVERAGE DISTORTION

RELATED PATENT APPLICATION

This Patent Application 1s related to U.S. patent applica-
tion Ser. No. 09/835,650, “ESTIMATING TOTAL AVER-
AGE DISTORTION IN A VIDEO WITH VARIABLE
FRAMESKIP,” filed by Vetro et al. on Apr. 16, 2001, now
U.S. Pat. No. 6,671,324 1ssued Dec. 30, 2003.

FIELD OF THE INVENTION

This invention relates generally to video coding, and more
particularly to optimally encoding videos according to rate-
distortion characteristics of the videos.

BACKGROUND OF THE INVENTION

A number of video coding standards support variable
frame rates, e.g., H.263 and MPEG-4. With vaniable frame-
rates, any number of frames, or objects in the case of
MPEG-4, can be skipped during the codlng of the output
video. That 1s, the skipped frames remain uncoded. With
these video coding standards, the encoder may choose to
skip frames of a video to erther satisiy buller constraints, or
to optimize the video coding process. However, most encod-
ers only skip frames to satisty bufler constraints. Buller
constraints are usually due to bit-rate (bandwidth) limita-
tions. The coder 1s forced to skip frames when insuilicient
bandwidth causes the bufler to fill up. Consequently, 1t 1s not
possible to add any additional frames to the builer, and these
frames remain uncoded (skipped) until there 1s room 1n the
bufler to store a new coded frame. This type of frame
skipping can degrade the quality of the video because the
content of the video 1s not considered. Note that skipping
frames eflectively reduces the frame-rate.

It 1s a problem to provide an optimal strategy for coding
a video. Specifically, the video could be coded at a higher
frame-rate having a lower spatial quality, or a lower frame-
rate having a higher spatial quality. This trade-ofl between
spatial and temporal quality 1s not a simple binary decision,
but rather a decision over a finite set of coding parameters
(constraints). Obviously, the best set of coding parameters
will yield the optimal rate-distortion (R-D) curve that maxi-
mizes the frame-rate while minimizes the distortion. The
two parameters of interest are the number of frames per
second (Ips or frame-rate) and a quantizer (Q) parameter. A
higher quantizer parameter increases the spatial distortion.
Lowering the frame rate, by skipping frames, reduces both
the spatial and temporal distortion. In the known prior art,
the distortion 1s measured only for coded frames, and 1s
expressed as the mean-squared error (MSE) between pixels
in the original video and the compressed video. That 1s, the
prior art methods have two problems, only spatial distortion
in coded frames 1s considered, and uncoded {frames contrib-
uting to both the spatial and temporal distortion are not
considered at all.

Generally, prior art optimized coding methods do not
consider the temporal aspect of rate-distortion, see H. Sun,
W. Kwok, M. Chien, and C. H. John Ju, “MPEG coding
performance improvement by jointly optimizing coding

mode decision and rate control,” IEEE Trans. Circuits Syst.
Video 1lechnol., June 1997, T. Weigand, M. Lightstone, D.
Mukherjee, T. G. Campbell, S. K. Mitra, “R-D optimized

mode selection for very low bit-rate video coding and the
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emerging H.263 standard,” IEEE Trans. Circuits Syst. Video
lechnol., and Apnl 1996, J. Lee and B. W. Dickenson,
“Rate-distortion optimized frame type selection for MPEG
encoding,” IEEE Trans. Circuits Syst. Video Technol., June
1997. Generally, it 1s assumed that the frame-rate 1s fixed.

These methods consider optimizations on the quantizer
parameter, H. Sun, W. Kwok, M. Chien, and C. H. John Ju,
“MPEG coding performance improvement by jointly opti-
mizing coding mode decision and rate control,” IEEE Tramns.
Circuits Syst. Video Technol., June 1997, mode decisions for
motion and block coding, T. Weigand, M. Lightstone, D.
Mukherjee, T. G. Campbell, S. K. Mitra, “R-D optimized
mode selection for very low bit-rate video coding and the
emerging H.263 standard,” IEEE Trans. Circuits Syst. Video
lechnol., April 1996, and frame-type selection, J. Lee and B.
W. Dickenson, “Rate-distortion optimized frame type selec-
tion for MPEG encoding,” IEEE Trans. Circuits Syst. Video
lechnol., June 1997. Such methods can achieve an optimum
coding when the frame-rate 1s fixed, and the bit-rate can be
met for the given frame-rate. However, these methods are
less than optimal for varying frame-rates.

It should be noted that the trade-ofl between spatial and
temporal quality, while coding, has been described by EF. C.
Martins, W. Ding, and E. Feig, mn “Joint control of spatial
quantization and temporal sampling for very low bit-rate

video,” Proc. ICASSP, May 1996. However, 1n their method,
the trade-ofl was achieved manually.

Therefore, 1t 1s desired to provide a method and system for
encoding a video subject to a variable frame-rate, while
minimizing the total average distortion.

SUMMARY OF THE INVENTION

The present mnvention optimizes the encoding of a video
that allows a variable frame-rate. The invention provides a
method for determining an average distortion for coded
frames as well as uncoded frames. Using this method 1n
conjunction with methods that determine the frame-rate,
enables the mvention to make an optimal trade-ofl between
the spatial and temporal quality 1mn an encoded video that
optimally minimize the average total distortion, which
includes both spatial and temporal distortion.

More particularly, a method encodes a video objects. For
cach candidate object, a quantizer parameter and a skip
parameter that jointly minimizes an average total distortion
in the video are determined while satistying predetermined
constraints. The average total distortion includes spatial
distortion of coded objects and spatial and temporal distor-
tion of uncoded objects. Then, the candidate objects 1s
encoded as the coded objects with the quantizer parameter
and the skip parameter, and the candidate objects 1s skipped
as the uncoded objects with the skip parameter.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a flow diagram for encoding a video with
variable video-object plane (VOP) rates;

FIG. 2 1s a flow diagram of a method for determining
average total distortion 1n a video according to the invention;

FIG. 3 1s a flow diagram of a method for determining
optimum rate-distortion values while encoding a video with
a variable frame rate;

FIG. 4 1s a plot comparing the actual and estimated
rate-distortion for the uncoded frames of the Akiyo sequence
coded at a fixed frame rate of 30 ips;
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FIG. Sa 1illustrates a constrained case for object-based
coding, which shows variable VOP-rates of each abject with
regular or constrained VOP-skip; and

FIG. 55 illustrates an unconstrained case for object-based
coding, which shows variable VOP-rates of each object with
irregular or unconstrained VOP-skip.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

(L]

Introduction

As shown 1n FIG. 1, our invention provides a method 100
for coding a video 101. Moreover, the video 101 1s coded
with a vanable temporal rate for Video Object Planes
(VOP’s), or simply with variable VOP-rates. Our method
determines 110 a quantizer parameter (QQ) 111 for each
object, and also determines 120 a VOP-skip parameter, or
simply skip parameter (1 ) 121. The quantizer and VOP-rate
parameters jointly minimize 130 spatial distortion 131 and a
temporal distortion 132 in the video, while satisiying pre-
determined constraints 133. Then, the object 1s encoded 141
as a coded object 152 with the quantizer parameter 111 and
the VOP-rate parameter 121, or skipped 142 as an uncoded
object 153 with only the skip parameter 121 parameter to
mimmize the average distortion while satisiying the con-
straints 133. According to the skip parameter 121, a coded
object 152 at a given time instant 1s encoded 141 with
quantization parameter 111. During this process, (I.-1)
uncoded objects 153 are skipped 142.

It should be noted, that in general, a frame 1s a specific
example of a video object as defined in the MPEG-4
standard, particularly a fixed-size, rectangular video object.
However, the invention generally applies to any video object
having arbitrary variable shape and size. Hereinaiter, we
occasionally use the more familiar term frame to described
an exemplary embodiment of any video object.

In addition, the invention can concurrently encode mul-
tiple video objects, perhaps frames ol multiple program
streams 1n a single transport stream, or multiple objects 1n a
single program stream, or both.

Determining Distortion

FIG. 2 shows a method 200 for determining the average
distortion due to spatial 131 and temporal 132 distortion 1n
the video 101. The coded objects 212 and uncoded objects
222 are candidate objects to be coded or skipped according
to the method of FIG. 1.

We denote the spatial distortion 211 for coded objects 212
by D (Q) and the spatial and temporal distortion 221 of
uncoded objects 222 by D_(Q, f.) where Q represents the
quantizer parameter 111, and {_ the skip parameter 121,
defined 1n greater detail below. In short, a skip parameter
equal to 3 means: code every third object (frame) 1n a time
sequence; a skip parameter equal to 4 means code every
fourth 1nstance, and a skip parameter equal to 1 means code
every object (frame) mstance without skipping any. In other
words, the skip parameter 1s equal to the number of frames
that have been skipped at a given time 1nstant, plus one. This
parameter may change throughout the encoding of video.
However, the average skip parameter f_, discussed below,
may be used to indicate a longer-term eflect regarding
implications on the average bit-rate.

The spatial distortion 211 1s dependent on the quantizer
parameter (Q, a spatial measure, while the temporal distor-
tion 221 depends on both the quantizer and skip parameters.

Although the average distortion for uncoded objects does
not directly intluence the distortion of coded objects, the first
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distortion does influence the second distortion indirectly 1n
two ways. First, the number of uncoded objects influences a
residual statistical component, and second, the first distor-
tion influences the quantizer parameter that 1s selected.

It 1s important to note that the distortion 211 for the
uncoded frames 222 has a direct dependency on the quan-
tization step size 1 the coded frames 212. The reason 1s that
the uncoded frames 222 are iterpolated from the coded
frames 212, thereby carrying the same spatial quality, 1n
addition to the temporal distortion caused by skipping the
frame.

Given the above, we determine the average distortion
over a specific time interval (t,t,, -] by,

(1)

D(ff=f5+ jr5](Qf+ for fs) =

i+ fg—1

. |
De(Qivg)+ ) DolQs k)|

Js _ k=i+1

In equation 1, the average distortion over the specified
time interval 1s due to the spatial distortion of one coded
object at t=t,, 4, plus the temporal distortion of f,—1 uncoded
objects. The temporal distortion 1s dependent on the quan-
tizer parameter for the previously coded object at t=t..

Spatial Distortion
The variance of the quantization error 1s

2_,.72R, ~ 2
C., =al27"0,7,

(2)

where o_° is the input signal variance, R is the average rate
per sample, and a 1s a constant that 1s dependent on the
probability distribution function (PDF) of the mnput signal
and quantizer characteristics, see Jayant et al. “Digital
Coding of Waveforms,” Prentice Hall, 1984. In the absence
of entropy coding, the value of a typically varies between 1.0
and 10. With entropy coding, the value of a can be less than
1.0. We use equation 2 to determine 210 the spatial distortion

211 as,

D.:‘:(Qf):a.z_zﬂ(ﬁ).ng' (3)

Equation 3 1s valid for a wide array of quantizer param-
eters and signal characteristics. Such aspects are accounted
for 1n the value of a. However, as stated above, the number
uncoded objects can 1mpact the statistics of the residual. In
general, we have determined that the average bits per object
increases for larger values of t.

However, the variance remains substantially the same.
This indicates that the variance 1s incapable of reflecting
small differences in the residual that impact the actual
relation between rate and distortion. This 1s caused by the
presence ol high-frequency coeflicients. Actually, 1t 1s not
only the presence of the high-frequency coeflicients, but also
their position. If certain run-lengths are not present 1n a
variable length coding table, e.g. Hullman coding, less
cllicient escape coding techniques must be used. This prob-
ably means that {_ aflects the PDF of the residual, 1.e., the
value of a, while holding 02.1_2 substantially fixed.

We 1gnore any changes 1n the residual due to the uncoded
frames, and use the model given by equation 3 to determine
the spatial distortion 211. A fixed a and o_* determined from
the last coded frame 1s used. |

Temporal Distortion

To determine 220 the spatial and temporal distortion 221
of the uncoded objects 222, we assume, without loss of
generality, that a temporal interpolator of a coder can simply
repeat the last coded object. Other iterpolators, that average
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past and future coded objects, or make predictions based on
motion, can also be considered.

As stated above, the distortion due to uncoded frames has
two parts: one spatial due to the coding of the reference
frame (last coded frame), and another temporal due to the
interpolation error. We express the distortion at t, as,

e = — Wy =Wk =0 = Y — Wi+ — (%)

‘I}‘Ef,k Ac;

i

wherein 1\, denotes the estimated frame at t=t, V), denote the
last coded frame at t,<t;, \,=,, and Az, , and Ac, represent

the frame interpolation error and coding error, respectively.
If these quantities are independent, the mean square error

(MSE) is

E{e;” ) =E{N e, }+E{N°z; 1}, (5)

which can be equivalently expressed as,

Ds(Qp k):Dc(Qf)'l'E{AzZr,k}: (6)

that 1s, the combination 230 of the spatial and temporal
distortions. Equation 6 implies that the components contrib-
uting to the spatial and temporal distortion 221 are additive.
However, other combinations may also be considered.

To derive the expected MSE due to frame interpolation,
we first assume that the frame at time t, 1s related to the
frame at time t, with motion vectors (AX(X,y),Ay(X,y)),

Y602 (X +AX (X, Y) AV, V). (7)

In the equation 7, it 1s assumed that every pixel (X,y) has
an associated motion vector. In actuality, we approximate
the motion at every pixel by having one motion vector per
macroblock. Then,

oY, oY
Eﬁx:,!{ + Eﬁy:,h

3
AZig = Wix + Axip, Y+ Ayig) —i(x, y), = (%)

where

o, oY,
( 0x Oy )

represent the spatial gradients 1n the x and y directions. Note,
this equation 1s expanded by using a first-order Taylor
expansion and 1s valid for small (Ax,Ay). This 1s equivalent
to an optical flow equation, where the same condition on
motion 1s also true.

It should be noted that equation 8 1s less accurate when the
amount of motion in a sequence of frames 1s large. However,
for coding applications that estimate the distortion to decide
it a lower MSE can be achieved with more uncoded frames,
the accuracy of the motion estimation 1s not so critical
because an optimized encoder would not skip frames for
such sequences anyway. The MSE 1incurred by skipping
frames 1n a sequence with large motion would be very large.

Treating the spatial gradients and motion vectors as
random variables and assuming the motion vectors and
spatial gradients are independent and zero-mean, we have,

2 _ 2 2 2 2
E{‘& Zi?k}_gxf D‘ﬂxik +Gyi Uﬁyijk 3 (9)
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6

where (Oxf,,oyf) represent the variances for the x and y
spatial gradients in frame 1, and (o Mz.fao &yif) represent the
variances for the motion vectors 1n the x and y direction.
Equation 9 shows that it i1s suflicient to determine the
temporal distortion from the second-order statistics of the

motion and spatial gradient.

The model 1n equation 9 1s accurate for low to moderate
motion sequences, This 1s suflicient because an optimized
coder would not need such an accurate model when the

motion 1s high, see U.S. patent application Ser. No. 09/835,
650, “ESTIMATING TOTAL AVERAGE DISTORTION IN
A VIDEO WITH VARIABLE FRAMESKIP,” filed by Vetro

et al. on Apr. 16, 2001, now U.S. Pat. No. 6,671,324 1ssued

Dec. 30, 2003, and incorporated herein in its entirety by
reference.

Determining Rate

A quadratic rate-quantizer (R-Q) relationship for a single
object at time t=t, can be determined by,

X
R(M:Sk(ﬁ ¥

o (10

OF

where S, 1s the encoding complexity, often substituted by the
sum or mean of absolute differences of the residual compo-
nent, Q, denotes the quantizer parameter 111 and X, ,
denotes the model parameters that are fitted to the data, see
T. Chiang and Y-Q. Zhang, “A new rate control scheme
using quadratic rate-distortion modeling,” IEEE Trans. Cir-
cuits Syst. Video Technol., February 1997, A. Vetro, H. Sun,
and Y. Wang, “MPEG-4 rate control for multiple video
objects,” ILEE Trans. Circuits and Syst. Video Technol.,
February 1999. Other methods can also be used, see H. M.
Hang and J. J Chen, “Source model for transform video

coder and its application—Part I: Fundamental theory,”
[EEE Trans. Circuits Syst. Video Technol., vol. 7, no. 2, pp.
287-298, April 1997. In any case, given the R-Q relationship

for a single frame, the average bit-rate over time, R 1s
determined by,

i+F (11)

R = Z Rit)=F-Ra,),
k=i

where the F is the average frame-rate, and R(t;) is the
average bit-rate per frame.

The parameter that relates the rate and distortion 1s the
skip parameter, . mtroduced above. This parameter can
change at each coding instant, therefore the relation between
the skip parameter and the average coded frame rate, F, is
defined by the average skip parameter, f_, and is given by,

3 5

=  Fsrc (12)
f,s — F "
where F_ . 1s the source frame-rate. For example, if the

source-frame rate 1s 30 ips, and the average coded frame rate
1s 10, then the skip parameter 1s 3, and only every third
frame, 1.e.,
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frames 1s coded. To be clear, f  1s a parameter used to
quantify the distortion due to skipping objects or frames. In
turn, this parameter affects the values of f. and F, and
ultimately relates to the average bit-rate R.

Frame-Based Rate Control

We have described how to determine the frame-rate for
the coded frames, or generally video objects, and the aver-
age distortion over a given time interval for the coded and
uncoded objects. We now describe a rate control method that
mimmizes the average distortion, subject to constraints on
the overall bit-rate and bufler occupancy. Formally, we
express the method and 1ts three constraints by,

(13)

ety ) Pl Qivses S5

‘R<R
s.t.4 b; + R(ﬁ_,_fs) < Bhax

B + R(t;, 1) — fs - Rarain > U

where R 1s the target bit-rate, B___ 1s the maximum bufler
s1ze 1n bits, B, 1s the current bufler level, also 1n bits, and
R, . 1s the rate at which the bufler “drains™ per object.

Informally, we determine the values of the quantizer (Q)
111 and skip parameter (1) 121 that minimize 130 the
average distortion 131-132, such that the target bit-rate,
bufler size, bufler level, and drain rate constraints are
satisiied.

As shown 1n FIG. 3, we determine the minimizing rate-
distortion parameters 131-132 by the following process
steps. Let 1, denote the skip parameter computed 1n a
previous coding iteration. We begin encoding the video 101
sequence by setting {, equal to 1. This means that the full
frame-rate 1s 1nitially used, and all frames are encoded.
Then, the 1terations at each coding instant are as follows.

In step 310, we set the maximum skip parameter as
f =max{1, f-0}, D . =

In step 320, we determine the target number of bits for the
object. This value 1s mainly dependent on the current value

of 1. and B..
In step 330, we determine the value of the quantizer
parameter Q,, - using equation 10.

In step 340, we determine 1f the quantizer parameter 111
and skip parameter 121 still satisfies bit-rate and bufler
constraints. If false, then increment 351 the parameter long
as the new 1 ‘:mln{fz+6,fmx} because the current value of
. 1s no longer valid, and iterate the previous steps.

In step 350, we determine the distortion using equation 1.

Otherwise, 11 true, 1n step 360, we determine 1f the current
distortion 1s less than D, . . IT false, we proceed with step
351 as described above. 11 true, replace D, . with the current
distortion and record 370 the encoding parameters {121 and
Q. 111 for this given coding time instant. It should be noted
that the parameter o 1s used to limit the frame-rate from one
coded frame to another, similar to the known bounding of
the quantizer parameter 111. 1s used to limit the frame-rate
from one coded frame to another, similar to the known
bounding of the quantizer parameter 111.
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Target Bit-Rate and Bufller Control

(G1ven a candidate value of frame skip 1, a target bit-rate
T for a particular object 1s dependent on this value of 1, and
the current butl

er level B,. An mitial target, T, 1s determined
according to the number of bits remaining 1n the video, the
number of remaining objects, and the number of bits
required to encode the last object, see A. Vetro, H. Sun, and
Y. Wang, “MPEG-4 rate control for multiple video objects,”
[EEE Trans. Circuits and Syst. Video Technol., February
1999. The only difference between this 1nitial estlmate and
subsequent rates 1s that the remaining number of objects are
divided by the candidates 1. In this way, a proportionately
higher number of bits will be assigned to each object when
the skip parameter 1s higher.

After the mitial target bit rate has been determined, it 1s
scaled according to,

(14)

Eua

Eg+2
QBI'-F

Bmax -

B max

Hh=1-

g L -

|
ek

where a modified buffer fullness B,, accounts for the current
value of the skip parameter, and 1s expressed as,

B=B~(fi~1)'R (15)

This modification 1s made to reflect the lower occupancy
level as a result of object skipping. On contrast, prior art
methods do not make this adjustment and the scaling opera-
tion of equation 14 would force the target bit-rate too low,

see ISO/IEC 14496—5:2000 “Information technology—cod-
ing of audio/visual objects,” Part 5: Reference Software.

If the target bit-rate 1s too low for lower skip parameter
values, the resulting quantizer parameter 1s unable to dif-
ferentiate 1itself from quantizers that were determined at
lower skip parameter values. In this case, 1t 1s difficult to
make the trade-oil between coded and temporal distortion in
equation 1 to ever favor skipping objects.

Practical Considerations

In practical coding applications, where an encoder would
estimate the total distortion, the main problem 1s to deter-
mine the temporal distortion based on past and current data.
For instance, equation 9 assumes that the motion between 1,
the current object, and k, a future object 1s known. However,
this would 1mply that motion estimation i1s performed for
cach candidate object to be coded or not, where these
candidate objects have a time index k. This 1s impractical.
Therefore, we assume the motion between objects 1s linear,
and approximate the variance ol motion vectors by,

(16)

where 1, denotes the number of uncoded objects between the
last coded object and 1ts reference object.

Similarly, estimates of the distortion for the next candi-
date object to be coded, 1.e., the measurement specified by
equation 3, requires knowledge of a and o_~, which depends
on f. As mentioned above, motion estimation for every
candidate object 1s not performed, therefore the actual
residuals are also unavailable. To overcome this practical
difficulty, the residual for future objects can be predicted
from the residual of the current object at, 1.e., t=t..
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However, as described above, the relationship between
the a, sz and the uncoded objects 1s not as obvious as the
relation between motion and in uncoded objects. Also, we
have observed that changes in the variance for different
numbers of uncoded objects are very small. Therefore, we
use the residual variance of the current object at t=t, for the
candidate objects as well. In this way, changes 1n D _ are only
aflected by the “bit budget” for candidate skip factors. One
practical problem to consider 1s how the equations for the
distortion of non-coded objects are evaluated based on
current and past data. For instance, in 1ts current form,
equation 8 assumes that the motion between 1, the current
time instant, and k, a future time 1nstant 1s known. However,
this would 1mply that motion estimation i1s performed for
cach candidate object, k. Because such computations are not
practical, 1t 1s reasonable to assume linear motion between
objects and approximate the variance of motion vectors by,

(16)

Similarly, estimates of the distortion for the next object to
be coded (1.e., calculation of equation 6 requires knowledge
of a and 02-32: which depends on 1. As mentioned earlier,
motion estimation for every candidate object 1s not per-
formed, therefore the actual residuals are not available
either. To overcome this practical ditliculty, the residual for
future objects may also be predicted based on the residual of
the current object at t=t.. However, as discussed earlier, the
relationship between the a., Crz.f and skip 1s not as obvious as
the relation between motion and skip. Also, we have
observed that changes 1n the variance for different skip are
very small. Therefore, we use the residual vanance of the
current object at t=t, for the candidate objects as well. In this
way, changes 1n D are only affected by the bit budget for
candidate skip factors.

Frame-Based Results

FIG. 4 shows that our method 1s accurate for the well
known test sequence Akiyo. This sequence 1s encoded at a
number of constant bit-rates using the standard MPEG-4 rate
control method that 1s implemented as part of the reference
software, ISO/IEC 14496—5:2000 “Information technology-
coding of audio/visual objects,” Part 5: Reference Software.
The bit-rates that we consider range from 32 Kbps to 256

Kbps, and the sequences are encoded at a full frame-rate of
30 1ps.

FIG. 4 shows that the method according to the mvention
outperforms the reference method. At lowest bit-rates, the
difference 1s almost 1 dB, while at higher bit-rates, an
improvement of 0.4 db 1s observed. In the low bit-rate
simulations, the reference method 1s forced to skip objects
due to buller constraints, whereas the proposed method skips
objects based on the minimum distortion criterion and rate
constraints as described above.

Object-Based Rate Control

To achieve gains 1n videos with areas of larger amount of
motion, especially a video where the fast motion 1s local-
ized, e.g., the mouth 1 the Akiyo sequence, we prefer an
object-based framework. In this framework, different
objects are coded with diflerent temporal resolutions (video-
object-plane or VOP-rates) and diflerent quantization
parameters. The frame-rate 1s a special case of the VOP-rate,
that 1s, the object 1s an entire frame.
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Similar to the problem statement for the frame-based
approach, we mimmize the average distortion over time,
subject to constraints on the bit-rate and bufler size. As
defined 1n equation 13, the minimum distortion 1s deter-
mined by jointly selecting a skip parameter that decides the
next frame (object) to be coded, and the quantization param-
cter that 1s used to actually code the object.

However, 1n an object-based framework, we have the
freedom to choose diflerent skip parameters and correspond-
ing quantization parameters for each video object. Although
such freedom provides the potential for coding gain, 1t also
complicates the problem significantly, because now we must
track the individual time instants that each object 1s coded.
This 1s necessary because we must allocate bits according to
a new buflering policy. The new policy may need to account
for 1rregular bufler updates based on arbitrarily shaped
objects with different complexity and size. Furthermore, this
must be done to avoid any potential composition problems
that would be encountered by the decoder. For details on the
composition problem and how 1t can be avoided, see U.S.
patent application Ser. No., 09/579,889, “Method for encod-
ing and transcoding multiple video objects with variable
temporal resolution™, filed by Vetro et al. on May 26, 2000.

In the prior art, see C. W. Hung and D. W. Lin, “Towards
joimtly optimal rate allocation for multiple videos with
possibly different object rates,” i Proc. Int’l Sump. on
Circuits and Systems, Geneva, Switzerland, May 2000, the
problem of rate allocation for multiple video sequences with
different object rates was considered. They described the
problem only within the context of frame-based wvideo
coding, where composition problems were not a concern.

The frame-based problem for multiple video coding was
described by L. Wang and A. Vincent, in “Joint rate control
for multi-program video coding,” IEEE Trans. Consumer
FElectronics, vol. 42, no. 3, pp. 3003035, August 1996.
However, the possibility to have diflerent frame-rates 1n
video sequences was never considered. From this earlier
work, however, the concept of a super-frame 1s still used. A
super-irame refers to a set of video objects that are co-
located 1n time.

FIG. 5a illustrates this concept for a constrained case, and
FIG. 56 for the unconstrained case. In these Figures, a
super-irame 1s represented by the different video sources that
are encapsulated 1n the dotted lines. For objects 1n the same
scene, this term becomes less meaningtul because all objects
are 1n one frame. The method described by Hung and Lin
considered both the constrained and unconstrained cases to
deal with the rate allocation and bufler control problems
under varying temporal conditions.

In the constrained case, the delay 1s dependent on the
super-irame period, which i1s equal to the time between
cycles and can be calculated from the fixed VOP-rates of
cach sequence. For example, in FIG. 5a, the cycle 1s equal
to 6. Within this cycle, the R-D characteristics of each object
1s accumulated and bit allocation 1s then performed. Overall,
this techniques suflers from three main problems: (1) delay
1s 1introduced to collect the R-D values, (2) the actual R-D
values are obtained through a simulated coder, and (3) the
VOP-rates for each sequence are chosen by some other
method.

With respect to the first problem, restricting the range of
observation time can reduce delay. This 1s actually what 1s
done for multiple video sequences with no periodic struc-
ture, 1.e., when the super-frame period i1s infinite or the
VOP-rates are unconstrained. However, this limitation in
observation time requires the ability to predict the R-D
characteristics for future objects having different complexity
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and si1ze. (Given that this can be done, the need to collect the
actual R-D values 1s no longer required. Finally, 11 these R-D
values contain information about the distortion for non-
coded objects, then there 1s no need to choose the fixed
VOP-rates for each sequence beforchand. This assumes
some a prior1 knowledge about objects 1n video sequences.

Our method solves all of the above problems. Similar to
Equation 13 without the restrictions on the bit-rate and
butler size, the problem for the constrained case as shown in
FIG. Sa can formally be stated as,

arg minyg ;. 6D 1,1 O ©) 17
where Q 1s a matrix of quantization parameters for each
video object plane (object) coded at various time instants
within the time interval (t,t,, .|, and {; denotes the time
duration of a periodic cycle. The length of this cycle 1s a
parameter itself and 1s dependent on the individual skip

parameter for each object, specified by O

With variable VOP-rates for each object, we do not
assume that each object will be coded at every time instant
within the specified interval. Therefore, zero values are
placed 1n Q to denote time instants that a particular object
remains uncoded. In the example shown in FIG. 5a,
0°=[1,2,3]", £.=6, and Q would be a 3x6 matrix with 7 out
of the 18 being zero clements.

In order to satisty the VOP-rate requirements for the

constrained case, 1n general, 1.e., the VOP-rates of all of the
objects must lead to a periodic structure, we require that

J=LCF(Q) =S, 000 (18)

where LCF(0) denotes the least common factor among the
VOP-rates 0

To further define the constraints on the bit-rate and bufler
size, we let M denote the set of all objects and 'I; denote the
set of time indices for which an object 1 1s coded. For
example, in FIGS. 5a, T,={1,2,3,4,5,6}, T,={2,4,6}, and
T,={3, 6}. Then, the constraint on the rate is expressed as,

Z Z Ki(tin) = Kpudger (19)

jeM HETj

which essentially says that the sum of the bit-rates for all
objects, at all time 1nstants within the specified time interval,
must be less that the calculated bit-rate budget over that time
interval.

To define the constraints on the bufler size, we let

L=| {1}

jeM

denote the complete set of coded indices. Also, given lel,
we let 1, equal the previous value of 1 except when 1 1s the
first element 1n L; 1n that case, 1,=0. Then, we defined the set

of buflfer constraints as,

By, + Z Ri(tis)) < Buax; ¥ 1€ L (20)

jEM.{
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-continued

Biy, + Z Ritic)) = =10) Rgpain >0; Yie L
jEM.{

where M, denotes the set of objects that are coded at index
1. The above conditions ensure that bufler overtflow and
underflow are avoided at every coded time instant.

In one embodiment, we solve the minimization given 1n
equation 17 that 1s subject to constraints given by equations
18-20 by first breaking the main problem into smaller
sub-problems. In this way, each object has 1ts own sub-
problem and can be solved using the frame-based optimi-
zation discussed above. Using the solutions to each sub-
problem as input, we then consider the global solution. Of
course, this can be accomplished through several iterations.

In an alternative embodiment, we first allocate a target
number of bits to each object, and then determine the skip
(f.) and quantizer (QQ) parameter for each object separately.
The i1nitial rate allocation can be based on the previous
rate-distortion characteristics of each object. As with the
above approach, individual solutions for each object need to
be re-considered 1n light of the constraints on individual skip
factors, and overall bit-rate and bufller size constraints.

In yet another alternative embodiment, the problem 1s
directly solved globally by searching over all valid combi-
nations of skip and quantization parameters. This may be
done 1n an iterative manner as above, where several choices
for 1. are considered. The main difference 1s that the vector
0 can have numerous possibilities for each VOP-skip param-
cter 1.. Therefore, all valid possibilities for 8 need to be
evaluated 1n each case.

This mmvention 1s described using specific terms and
examples. It 1s to be understood that various other adapta-
tions and modifications may be made within the spirit and
scope of the mvention. Therefore, 1t 1s the object of the
appended claims to cover all such variations and modifica-
tions as come within the true spirit and scope of the
invention.

We claim:
1. A method for encoding a video including a plurality of
objects, comprising;:

determinming, for each candidate object, a quantizer param-
cter and a skip parameter that jointly minimizes an
average total distortion in the video while satistying
predetermined constraints, the average total distortion
including spatial distortion of coded objects based on
the quantizer parameter, spatial and temporal distortion
of uncoded objects based on the quantizer parameter
and the skip parameter, wherein an average skip param-
eter 1s

F_ . 1s a source frame-rate, and F is an average coded
frame rate; and
encoding the candidate objects as the coded objects with
the quantizer parameter and the skip parameter, and
skipping the candidate objects as the uncoded objects
with the the skip parameter, to optimally minimize the
average total distortion in the video.
2. The method of claim 1 wherein the object 1s a video
object plane having an arbitrary shape and size.
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3. The method of claim 1 wherein the object 1s a video

Us 7,209,519 B2

frame having a rectangular shape and fixed size.
4. The method of claim 1 wherein the skip parameter 1s 1,

and further comprising:
skipping (f —1) uncoded objects.

5. The method of claim 1 further comprising;:
encoding multiple candidate objects concurrently.

6. The method of claam 1 wherein the average total

distortion 1s

alg mm[Qnﬁw@]ﬁ[fﬁJHﬁ](thf;’f-‘i)

wherein Q 1s the quantizer parameter, 1  1s the frameskip

parameter, and the predetermined constraints are

‘R<R

M

S.T. Bj 4+ R(fj+f3) < Bma:{

X B; + R(If—l-fs) - fs - Ryrgin > 0

R 1s a target bit-rate, B 1s a maximum buf
B. 1s a current bufler level, and R ,,_.. 1s a bu

Fir

‘er size 1n bits,

e

‘er drain rate.
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7. The method of claim 1 further comprising;:

imitializing 1, to 1;

a) setting a maximum skip parameter to f=max{1, -0},
D_ . =co for a minmimum distortion D, ;

FIIIFE FrIIFE?

b) determining a target number of bits for the candidate
object;

¢) determining a value of the quantizer parameter;

d) determining 1f the quantizer parameter and the skip

parameter still satisfies the bit-rate and the buller
constraints;

¢) determining a distortion;

incrementing the skip parameter as a new f =min{f+9,
f 1 if false and repeating steps b—e until true;

determining 1f the average total distortion 1s minimized;
and

repeating the steps beginning at step a) otherwise.
8. The method of claim 7 wherein the target bit rate 1s

20 scaled to account for a current value of the skip parameter.
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